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(57) ABSTRACT 

A secondary battery that can avoid reduction in battery capac 
ity over the lapse of charge-discharge cycles and can exhibit 
high performance is provided. The secondary battery 
includes a laminated body having a pair of electrodes and an 
electrolyte layer provided between the pair of electrodes, the 
electrolyte layer including electrolyte particles, the laminated 
body having an end portion, and a restrictor provided so as to 
cover at least the end portion of the laminated body for 
restricting expansion of the electrolyte layer in the plane 
direction thereof. 
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SECONDARY BATTERY 

CROSS-REFERENCE TO RELATED 
APPLICATION 

This application is a continuation application of U.S. 
patent application Ser. No. 1 1/896,067, filed on Aug. 29, 
2007, which claims priority to Japanese Patent Application 
No. 2006-237062 filed on Aug. 31, 2006, which is hereby 
expressly incorporated by reference herein in its entirety. 

BACKGROUND 

1. Technical Field 
The present invention relates to a secondary battery and, 

more particularly, a secondary battery whose electrolyte layer 
is mainly composed of electrolyte particles. 

2. Related Art 
Along with development of portable equipments such as a 

personal computer and a cellular phone, demand for a small 
sized lightweight battery as a power source of the portable 
equipments shows a drastic increase in recent years. 

In particular, it is predicted that a lithium battery realizes a 
high energy density since lithium has a reduced atomic 
weight and increased ionization energy. Extensive research 
has been made in this respect, as a result of which the lithium 
battery is widely used as a power source of the portable 
equipments these days. 

Expansion of a lithium battery market demands a lithium 
battery having a higher energy density. In order to comply 
with Such a demand, internal energy of the lithium battery has 
been made greater by increasing the quantity of an active 
material contained in the battery. 

Concomitant with this trend, a noticeable increase has been 
made in the quantity of organic solvent contained in an elec 
trolyte (electrolytic solution) which is a flammable material 
filled in the battery. This results in an increased danger of 
battery firing and, therefore, the problem of battery safety 
becomes at issue in recent years. 
One of highly effective methods for assuring the safety of 

a lithium battery is to replace the electrolyte containing the 
organic solvent with a nonflammable Solid electrolyte. 
Among others, use of a lithium-ion-conducting inorganic 
solid electrolyte makes it possible to develop an all-solid 
lithium battery that exhibits improved safety. Active research 
is now being made in this connection. 
As an example, S. D. Jhones and J. R. Akridge, J. Power 

Sources, 43-44, 505 (1993) discloses an all-solid thin film 
lithium secondary battery produced by sequentially forming a 
cathode thin film, an electrolyte thin film and an anode thin 
film through the use of a deposition apparatus or a sputtering 
apparatus. It was reported that the thin film lithium secondary 
battery exhibits Superior charge-discharge cycle characteris 
tics of several thousand cycles or more. 

With this thin film lithium secondary battery, however, it is 
impossible for a battery element to retain an electrode active 
material in a large quantity, thereby making it difficult to 
obtain a high capacity battery. In order to increase the battery 
capacity, a great quantity of electrode active materials should 
be contained in an electrode, for the purpose of which there is 
a need to construct a bulk type battery. 
The bulk type battery is typically manufactured by com 

pression-molding the entire battery element within a mold of 
a press machine, taking out the battery element from the mold 
and placing the battery element into a coin type (R621) bat 
tery container. However, in the case of the bulk type battery, 
particularly, an all-solid lithium secondary battery using a 
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2 
Sulfide-based lithium-ion-conducting Solid electrolyte, it is 
known that the capacity thereof is reduced by about 7% from 
its initial capacity when Subjected to several cycles of charge 
discharge operations at most (see, e.g., DENKI KAGAKU, 
66, No. 9 (1998)). 

Thus, there is currently a demand for development of a 
secondary battery (bulk type all-solid secondary battery) hav 
ing improved performance and being capable of preventing 
reduction of a battery capacity over the lapse of charge 
discharge cycles. 

SUMMARY 

Accordingly, it is an object of the present invention to 
provide a secondary battery that can avoid reduction in bat 
tery capacity over the lapse of charge-discharge cycles and 
can exhibit high performance. 
An aspect of the invention is directed to a secondary bat 

tery. The secondary battery comprises a laminated body hav 
ing a pair of electrodes and an electrolyte layer provided 
between the pair of electrodes, the electrolyte layer including 
electrolyte particles, the laminated body having an end por 
tion, and a restrictor provided so as to cover at least the end 
portion of the laminated body for restricting expansion of the 
electrolyte layer in the plane direction thereof. 

According to the above secondary battery, use of the 
restrictor makes it possible to restrict expansion of the elec 
trodes in the plane direction thereof and the resultant expan 
sion of the electrolyte layer in the plane direction thereof 
during the charge-discharge operations. 

Therefore, it is possible to avoid formation or generation of 
gaps (spaces) between particles (or grains) of constituent 
materials of the electrodes or between the electrodes and the 
electrolyte layer, and deposition of metal contained in the 
electrode materials or electrolyte material into the gaps. 
As a result, it is possible to prevent breakage of an elec 

tronic bond in the electrodes, or disconnection of an ion 
conducting path in the electrodes, between the electrodes and 
the electrolyte layer or in the electrolyte layer during the 
charge-discharge operations. 

This makes it possible to provide a secondary battery that 
can avoid reduction in battery capacity over the lapse of 
charge-discharge cycles and can exhibit high performance. 

In the above secondary battery, it is preferred that the 
laminated body has conductive portions respectively con 
nected to the respective electrodes, and the restrictor is pro 
vided so as to cover almost all of the laminated body except 
ing the conductive portions. 

This makes it possible to exhibit noticeably the function of 
restricting the expansion of the electrolyte layer and the elec 
trodes (electrode layers) in the plane direction thereof but not 
in the thickness direction thereof. Further, by doing so, it is 
also possible to secure the mechanical strength of the second 
ary battery as a whole and to allow the restrictor to serve as a 
protection layer for the laminated body. 

In the above secondary battery, it is preferred that the 
restrictor is comprised of a plurality of layers respectively 
formed of different materials. 
Use of the restrictor of this configuration also makes it 

possible to restrict effectively and reliably the expansion of 
the electrolyte layer and the electrodes (electrode layers) in 
the plane direction thereof but not in the thickness direction 
thereof. 

In the above secondary battery, it is preferred that the 
restrictor is made of an insulating material. 

This makes it possible to prevent short-circuit between the 
cathode and the anode reliably. 
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In the above secondary battery, it is preferred that the 
insulating material is any one of thermoplastic resin, thermo 
setting resin, photocurable resin and low-melting-point glass 
or a combination of two or more of them. 
Use of these materials allows the restrictor to be formed 

with ease. Furthermore, use of these materials helps to 
increase the mechanical strength of the restrictor. 

In the above secondary battery, it is preferred that at least 
one of the pair of electrodes has a base member having a 
plurality of filling portions, and at least the filling portions of 
the base member is filled with an electrode material. 

Use of the electrode of this configuration also makes it 
possible to restrict effectively and reliably the expansion of 
the electrode (electrode layer) in the plane direction thereof 
but not in the thickness direction thereof. 

In the above secondary battery, it is preferred that the base 
member is provided for preventing or suppressing expansion 
of the electrode in the plane direction thereof. 

For example, the laminated body is produced by perform 
ing a press operation in a state that the electrolyte particles 
constituting the electrolyte layer are interposed between the 
cathode and the anode. This makes it possible to prevent 
occurrence of elongation (deformation) in the electrode when 
producing the laminated body. 

Further, even in the case where the expansion and contrac 
tion of crystals of the electrode material (electrode active 
material) occurs when the secondary battery is in use (charge 
discharge operation), it is possible to Suppress or prevent the 
elongation (deformation) in the electrode. 
As a result, it becomes possible to prevent or Suppress 

formation or generation of gaps (spaces) between the electro 
lyte particles contained in the electrolyte layer, or separation 
of the electrode (electrode layer) and the electrolyte layer. 
Furthermore, it becomes also possible to increase the 
mechanical strength of the secondary battery as a whole. 

In the above secondary battery, it is preferred that the base 
member has a surface thereof, and at least the Surface has 
conductivity for making the current density in the electrode 
uniform. 

This makes it possible to make the current density in the 
electrode uniform when the secondary battery is charged and 
discharged. This Suppresses or prevents emergence of a 
region where the electric current flows locally and, conse 
quently, it is possible to prevent local expansion or contrac 
tion of the electrode material (electrode active material) in 
that region. 
As a result, it is possible to suppress or prevent the above 

mentioned breakage of the electronic bond or disconnection 
of the ion-conducting path in the electrode (at least one of the 
cathode and the anode), formation or generation of a space 
between the electrolyte particles contained in the electrolyte 
layer, or separation of the electrode (electrode layer) and the 
electrolyte layer. Therefore, it is also possible to suitably 
Suppress or prevent degradation of charge-discharge charac 
teristics of the secondary battery. 

In the above secondary battery, it is preferred that the base 
member includes a mesh member having through-holes 
which serve as the filling portions. 

This makes it possible to Suppress or prevent the expansion 
and contraction (deformation) of the electrode when the sec 
ondary battery is in use (charge-discharge operation). As a 
result, it is possible to Suppress or prevent the formation or 
generation of the gaps between the electrolyte particles con 
tained in the electrolyte layer, or the separation of the elec 
trode (electrode layer) and the electrolyte layer. Further, it 
becomes also possible to increase the mechanical strength of 
the secondary battery as a whole. 
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4 
In the above secondary battery, it is preferred that the mesh 

member has an outer circumferential portion, and the base 
member further includes a reinforcing portion which extends 
along the outer circumferential portion of the mesh member 
for reinforcing the mesh member. 

This makes it possible to reliably prevent deformation (ex 
pansion, bending, flexion or the like) of the base member. 
Accordingly, in the case where a function of preventing 
expansion of the electrode is given to the base member, the 
function is performed in a more reliable manner. 

In the above secondary battery, it is preferred that the base 
member further includes a reinforcing plate which is pro 
vided on the opposite side of the mesh member from the 
electrolyte layer for reinforcing the mesh member. 

This also makes it possible to reliably prevent deformation 
(expansion, bending, flexion or the like) of the base member. 
Accordingly, in the case where a function of preventing 
expansion of the electrode is given to the base member, the 
function is performed in a more reliable manner. 

In the above secondary battery, it is preferred that the at 
least one of the pair of electrodes has an electrode material 
layer made of the electrode material, and the electrode mate 
rial layer lies on the side of the electrolyte layer so as to have 
an average thickness of 120 um or less when viewed from the 
side thereof. 

This makes it possible to increase the effect of the base 
member provided in the electrode more conspicuously. 

In the above secondary battery, it is preferred that the 
electrode material contains an electrode active material and a 
solid electrolyte material. 

This makes it possible to increase adhesion between the 
electrode and the electrolyte layer. This ensures that ions are 
smoothly transferred between the electrode and the electro 
lyte layer, which makes it possible to improve the character 
istics (charge-discharge characteristics) of the secondary bat 
tery. 

In the above secondary battery, it is preferred that the 
electrolyte particles are composed of a silverion conductor or 
a lithium ion conductor. 

Although the invention can be applied to various kinds of 
secondary batteries, it is preferred that the invention is applied 
to a lithium-ion-conducting secondary battery or a silver-ion 
conducting secondary battery. 

In the above secondary battery, it is preferred that the 
lithium ion conductor is a sulfide-based lithium ion conduc 
tOr. 

This makes it possible to improve the characteristics of the 
lithium-ion-conducting secondary battery. 

In the above secondary battery, it is preferred that the 
lithium ion conductor contains at least one of a crystalline 
lithium ion conductor and an amorphous lithium ion conduc 
tOr. 

Use of the crystalline lithium ion conductor (e.g., thio 
LISICON) provides an advantage that the output current of 
the manufactured secondary battery can be kept high. Further, 
use of the amorphous lithium ion conductor provides an 
advantage that the permissible temperature range can be kept 
broad when manufacturing and using the secondary battery. 

Furthermore, use of the crystalline lithium ion conductor 
and the amorphous lithium ion conductor in combination, it 
becomes possible to enjoy a synergistic effect offered by 
them. 

BRIEF DESCRIPTION OF THE DRAWINGS 

FIG. 1 is a vertical section view showing a secondary 
battery in accordance with a first embodiment of the inven 
tion. 
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FIG. 2A to FIG. 2D are respectively configuration 
examples of an electrode of the secondary battery. 

FIG. 3 is a flowchart illustrating a method for manufactur 
ing the secondary battery in accordance with the invention. 

FIG. 4A to FIG. 4D are respectively vertical section views 5 
of configuration examples of a secondary battery in accor 
dance with a second embodiment of the invention. 

FIG. 5 is a graph showing the charge-discharge behavior in 
charge-discharge cycles of the secondary battery of Sample 
No. 1A (Invention). 

FIG. 6 is a graph showing the variation in discharge capac 
ity over the lapse of discharge cycles of the secondary battery 
of the Sample No. 1A (Invention). 

FIG. 7 is a graph showing the charge-discharge behavior in 
charge-discharge cycles of the secondary battery of the 
Sample No. 1B (Comparative Example). 

FIG. 8 is a graph showing the variation in discharge capac 
ity over the lapse of charge-discharge cycles of the secondary 
battery of Sample No. 1B (Comparative Example). 

FIG. 9 is a graph showing the variation in battery capacity 
over the lapse of charge-discharge cycles of the secondary 
batteries of the respective sample numbers. 

FIG. 10 is a graph showing the initial discharge behavior of 
the secondary battery of the Sample No. 8A (Invention). 

FIG. 11 is a graph showing the variation in discharge 
capacity over the lapse of charge-discharge cycles of the 
secondary battery of each of the Sample No. 8A (Invention) 
and the Sample No. 7B (Comparative Example). 

FIG. 12 is a graph showing the initial discharge behavior of 
the secondary battery of the Example 9. 

FIG. 13 is a graph showing the initial discharge behavior of 
the secondary battery of the Example 10. 

FIG. 14 is a vertical section view showing a mold for 
producing a battery element. 

FIG. 15 is a vertical section view showing a configuration 
of the battery element. 

FIG. 16 is a vertical section view showing a configuration 
of a coin type secondary battery. 

FIG. 17 is a contrast view which contrasts a scanning 
electron microscope (SEM) photo of a cross section taken 
along line X-X in FIG. 17 to a vertical section view showing 
a configuration of the secondary battery. 
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The present inventor has conducted the following study in 
an effort to clarify the cause of capacity reduction of a sec 
ondary battery that occurs along with the lapse of charge 
discharge cycles. 

First, a silver-ion-conducting all-solid secondary battery 
was prepared by using a silver ion conductor (AgI WO) as 
a solid electrolyte, using Ö-type silver Vanadate 
(Ö-Ago...,VOs) as a cathode active material and using metallic 
silver (Ag) as an anode active material. Then, a study was 
made on the distribution of an electric current flowing in the 
battery at the time of charging and discharging the latter. 

The silver-ion-conducting all-solid secondary battery was 
manufactured in the following manner. 

Step I: An electrode mixture (electrode material) was first 
prepared by mixing 5-Ago...,V2O5 (cathode active material) 
and AgI.WO (solid electrolyte) in a weight ratio of 5:5. 

Step II: Next, as shown in FIG. 14, 65mg of the electrode 
mixture was filled in a cylindrical hole of 1 cm in diameter of 65 
a female mold 500 in a state that a lower male mold 400 was 
inserted into the cylindrical hole of the female mold 500. 
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Step III: Next, an upper male mold 600 was inserted into 

the cylindrical hole of the female mold 500, and then the 
electrode mixture was preliminarily pressure-molded into a 
disc-shaped cathode 30 at a pressure of 0.5 ton/cm. There 
after, the upper male mold 600 was removed from the female 
mold 500. 

Step IV: Next, 100 mg of solid electrolyte powder (par 
ticles) was filled in the cylindrical hole without having to 
remove the cathode 30. And then, the upper male mold 600 
was inserted into the cylindrical hole again and the Solid 
electrolyte powder was pressed, whereby the cathode 30 was 
integrally molded with a disc-shaped electrolyte layer 50. 
Thereafter, the upper male mold 600 was removed from the 
female mold 500. 

Step V: Next, a disc-shaped metallic silver plate having a 
thickness of 100 um and a diameter of 0.95 cm was inserted 
into the cylindrical hole as an anode 40. And then, the upper 
male mold 600 was inserted into the cylindrical hole again 
and pressure-molding was performed at a final pressure of 4 
tons/cm, thereby producing a battery element (laminated 
body) 10 in which the electrolyte layer 50 was interposed 
between the cathode 30 and the anode 40, as illustrated in 
FIG. 15. 

Alternatively, the battery element (laminated body) 10 may 
be produced by independently pressure-molding the cathode 
30, the anode 40 and the electrolyte layer 50 in advance, 
placing them one above another, and pressing them into an 
integral body. 

Step VI: The battery element 10 was received in a coin type 
battery container 70 having a structure shown in FIG. 16. 
Thereafter, the battery element 10 was covered with a sealing 
plate 90 in a state that a packing 80 was interposed between 
the coin type battery container 70 and the sealing plate 90, and 
the battery container 70 was sealed off by pressing the sealing 
plate 90 against the battery container 70 through the use of a 
press machine. 

In this way, a silver-ion-conducting all-solid secondary 
battery 100 was obtained in which a gap 100a was left around 
the battery element 10 within the battery container 70 (lest the 
periphery (surface) of the battery element 10 should be pres 
sured strongly). In FIG. 16, reference numeral 11 designates 
a copper-made anode collector and reference numeral 12 
designates a copper-made cathode collector. 

If the secondary battery 100 is charged, silver that consti 
tutes the cathode active material of the cathode 30 is turned to 
silver ions which in turn are separated from the cathode 30 
and moved into the electrolyte layer 50. Subsequently, the 
thus separated silver ions move toward a silver plate interface 
of the anode 40 where the silver ions are electrically reduced 
and deposited as metallic silver. A discharge reaction pro 
ceeds in the opposite order. 
The secondary battery 100 was charged and discharged 

with a constant current density of 0.1 mA/cm, a final charge 
voltage of 0.55 V at 50 LA and a final discharge voltage of 0.2 
V. The results were that the secondary battery 100 could not 
be charged and discharged from the lapse of about ten cycles, 
during which time the battery capacity tended to be decreased 
each time the charge-discharge cycles were repeated. 

Next, the secondary battery 100 that has shown capacity 
reduction and lost its ability to charge and discharge electric 
ity was disassembled to examine the cross section taken along 
line X-X in FIG. 17 by use of a scanning electron microscope 
(hereinafter referred to as “SEM). A photo taken by the SEM 
is illustrated in FIG. 17, which has a vertical section view of 
the secondary battery 100 showing the portions correspond 
ing to the SEM photo. 
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As is apparent from the SEM photo, branch-like metallic 
silver was deposited in the outer periphery portion (a “C”- 
portion of the SEM photo) of the electrolyte layer 50 sur 
rounding the circumference of the anode 40, whereas block 
like metallic silver was deposited in the electrolyte layer 50 (a 
“B'-portion of the SEM photo) with which the corner portion 
of the anode 40 makes contact. 

In contrast, no metallic silver deposition was observed in a 
bonding interface (an 'A'-portion of the SEM photo) 
between the major surface (lower surface) of the anode 40 and 
the electrolyte layer 50. 

In this secondary battery 100, the battery element 10 
received within the battery container 70 is sealed offin a state 
that the packing 80 is interposed between the battery con 
tainer 70 and the sealing plate 90. During the sealing process, 
the cathode 30 and the electrolyte layer 50 of the battery 
element 10 are compressed in the thickness direction thereof 
and protrude or expand slightly (about 200 um) toward a gap 
100a within the battery container 70, thereby forming a pro 
trusion 50'. 

It is found that the branch-like metallic silver is deposited 
in the protrusion 50', i.e., in the non-compressed portion (the 
“C'-portion of the SEM photo), and further that the block 
like metallic silver is deposited in the lightly compressed 
portion (the “B'-portion of the SEM photo) of the electrolyte 
layer 50 at the time of sealing the secondary battery 100. 
Furthermore, it is turned out that no metallic silver is depos 
ited in the strongly compressed portion of the secondary 
battery 100 (the “A”-portion of the SEM photo). 

The deposition of the branch-like metallic silver or the 
block-like metallic silver in the electrolyte layer 50 which 
makes contact with the peripheral portion of the electrode 
(anode 40) of the battery element 10 means that a quite 
intensive electric current flows in the peripheral portion when 
charging the battery. 

In other words, when charging the battery, due to the inten 
sive flow of the electric current in the peripheral portion of the 
electrode, the electrode expands in that portion. This creates 
gaps (spaces) between the electrode and the electrolyte layer 
in that portion or gaps between the bonded particles of the 
electrolyte (hereinafter, these particles of the electrolyte will 
be referred to as “electrolyte particles') in the electrolyte 
layer 50 which makes contact with that portion. And the 
metallic silver is deposited into the gaps. 
The deposited metallic silver forms grain boundaries 

between the electrolyte particles. As a result, this grain 
boundaries prevent a contact between the electrolyte particles 
to thereby break the ion-conducting path between the elec 
trolyte particles in the electrolyte layer 50. 

Furthermore, the movement of ions in the case of using 
powdery or granular solid electrolyte (electrolyte particles) is 
heavily affected by the interface bonding state of electrolyte 
particles (see N. Aotani, K. Iwamoto, K. Takada and S. 
Kondo, Solid State Ionics 68 (1994) 35-38). 

In this paper, a change in ion conductivity relative to a 
molding pressure is measured at the time of making an elec 
trolyte layer from a sulfide-based amorphous lithium ion 
conductor (electrolyte particles) of different particle sizes. 
This measurement shows that, if the molding pressure is 
equal to or greater than 5 tons/cm, the ion conductivity 
becomes constant. 

It is also reported that, under this state, the ion movement 
between the electrolyte particles contained in the electrolyte 
layer is made primarily by bulk conduction instead of grain 
boundary conduction, thereby eliminating the grainboundary 
problem which occurs between the electrolyte particles. 
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Considering this fact together with the test results for the 

secondary battery 100 made of a silver-ion-conducting solid 
electrolyte, it can be seen that, during the charge-discharge 
operations, an electric current flows intensely in the periph 
eral portion of the electrodes (cathode 30 and anode 40) 
constituting the battery element 10 at an initial stage. 

Expansion and contraction of the volume of electrode 
active materials become conspicuous in that portion. As a 
result, an electronic bond between particles (or grains) of the 
electrode active material or an ion conducting path between 
the electrode active material and the electrolyte is destroyed 
mainly in the peripheral portion of the electrode where the 
interior of the electrode is bonded with a weak mechanical 
force. 
At this time, adhesion between the electrodes and the elec 

trolyte layer is decreased so that gaps (spaces) between them 
are formed in that portion. As a result, an ion conducting path 
between the electrodes and the electrolyte layer is also 
destroyed. 

In this regard, the phenomenon that the electric current 
converges on the peripheral portion of the electrode occurs 
usually in an electrochemical element, which is referred to as 
an 'edge effect. This phenomenon also appears in the case of 
using a liquid electrolyte or a polymer electrolyte. 

However, since the liquid electrolyte exists in a liquid 
phase or the polymer electrolyte includes an electrolytic solu 
tion, even in the case where the volume of the electrodeactive 
material expands and contracts, the liquid electrolyte and the 
polymer electrolyte can make contact with the electrodes 
reliably. Therefore, there is no possibility that the ion-con 
ducting path is cut off when the liquid electrolyte and the 
polymer electrolyte are used. 

Accordingly, it is inferred that the above-noted phenom 
enon is common to the solid electrolyte secondary battery 
made of a silver ion conductor and the secondary battery 
(all-solid secondary battery) employing other kinds of pow 
dery solid electrolyte. 
As an example, in the case of an all-solid lithium secondary 

battery, it is predicted that the electric current flowing during 
a charge-discharge reaction has a tendency to grow intensive 
mainly in the peripheral portion of an electrode within the 
battery. 

Based on these facts, it is inferred that the following is the 
cause of battery capacity reduction over the lapse of charge 
discharge cycles in the secondary battery. 

First, when charging the battery, the flow of an electric 
current is concentrated on the peripheral portion of electrodes 
within the battery. Thus, the volume of an electrode active 
material, especially an anode active material, is heavily 
expanded in that portion, whereas a cathode active material 
undergoes contraction in Volume. 

Consequently, in the cathode 30 the ion conducting path 
formed between the electrode active material and the solid 
electrolyte is disconnected and the electronic bond between 
the particles of the cathode active material is broken, whereas 
in the anode 40 the electronic bond between grains of the 
anode active material is broken. 

This weakens the bond (interface bond) between the elec 
trodes (cathode 30 and anode 40) and the electrolyte layer or 
the bond between electrolyte particles contained in the elec 
trolyte layer 50 that makes contact with the peripheral por 
tion, thereby breaking the bond. Further, metallic silver con 
tained in the electrode active materials or the electrolyte 
material is deposited between the electrodes and the electro 
lyte layer 50 or between the electrolyte particles. 
The weakening of the bond or the deposition of the metallic 

silver causes a partial breakage in the ion conducting path 
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between the electrodes and the electrolyte layer 50 or 
between the electrolyte particles in the electrolyte layer 50. 
Furthermore, due to the expansion and contraction of the 
Volume of the electrode active materials, an electronic bond 
between the electrodes and conductive substrates (anode col 
lector 11 and cathode collector 12) may also be destroyed. 

This phenomenon grows noticeably in proportion to the 
intensity of a charging current. It is predicted that the discon 
nection or the breakage of the electronic bond or the ion 
conducting path depends on the current Supply time, namely 
the current Supply quantity. 

Further, in the case where the charge-discharge cycles are 
repeated, when the battery is charged, the disconnection or 
the breakage of the electronic bond or the ion conducting path 
progresses, for a little while, from the peripheral portion side 
of each electrode (outside the battery element 10) to the 
central portion side thereof (inside the battery element 10). 
On the other hand, when the battery is discharged, only the 

electrode active material in the portion where the electronic 
bond remains intact can play a role in the discharge operation. 
This leads to reduction in discharge capacity as compared to 
the charge capacity. 

Further, during the discharging process, the Volume of the 
anode active material contracts, whereas the Volume of the 
cathode active expands unlike during the charging process. 
As a result, during the discharging process, the electronic 
bond and ion conducting path are also broken or disconnected 
in the same manner as during the charging process. 

In the case of recharging this battery, the charge quantity of 
electricity becomes equal to the electricity quantity corre 
sponding to the discharge capacity from which the electric 
capacity used in breaking the electronic bond and disconnect 
ing the ion-conducting path during the charging process 
mainly at the side of the anode 40 is deducted. At this time, the 
electricity is recharged while breaking the electronic bond or 
disconnecting the ion-conducting path once again. 

Further, in the case where the battery is discharged again, 
only the electrode active material in the portion where the 
electronic bond or the ion-conducting path remains intact can 
play a role in the discharge operation. This means that the 
discharge capacity is further reduced as compared to the 
charge capacity. 

In other words, at least one of the electronic bond and the 
ion-conducting path of the battery is broken or disconnected 
each time the battery undergoes the charge-discharge opera 
tions. In accordance with this, the discharge capacity is 
reduced for a little while. 

In view of the foregoing study, the present inventor has 
reached a conclusion that, for avoidance of reduction in bat 
tery capacity caused by the lapse of charge-discharge cycles, 
it is important to maintain the state of electrodes (electrode 
layers) and an electrolyte layer and the bonding state between 
the electrodes and the electrolyte layer so as to be close to an 
initial state. Based on this conclusion, the present inventor has 
completed the invention. 
The task of maintaining the state and the bonding state so as 

to be close to the initial state can be accomplished by restrict 
ing expansion of an all-solid secondary battery (battery ele 
ment) in the plane direction thereof but not in the thickness 
direction thereof. 

Further, the above task can be accomplished by eventually 
preventing any breakage of the electronic bond and any dis 
connection of the ion-conducting path in the peripheral por 
tion of the electrodes, any disconnection of the ion-conduct 
ing path between the electrodes and the electrolyte layer, and 
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10 
any disconnection of the ion-conducting path between elec 
trolyte particles in the peripheral portion of the electrolyte 
layer 5. 
A secondary battery in accordance with the invention 

includes a laminated body and a restrictor provided so as to 
cover at least an end portion of the laminated body, the lami 
nated body having a pair of electrodes and an electrolyte layer 
provided between the pair of electrodes, wherein the electro 
lyte layer is composed of (includes) electrolyte particles. 
The restrictor has a function of mainly restricting expan 

sion of the electrolyte layer in the plane direction thereof but 
not in the thickness direction thereof. The secondary battery 
can avoid reduction in battery capacity over the lapse of 
charge-discharge cycles and can exhibit high performance. 

In this regard, it is presumed that the expansion of the 
electrolyte layer in the plane direction thereof occurs during a 
pressing step of a secondary battery manufacturing process or 
by the expansion of the electrodes (expansion of crystals of 
electrode active materials) when in use. 

Hereinafter, the secondary battery (all-solid secondary bat 
tery) in accordance with the invention will be described in 
detail with reference to preferred embodiments shown in the 
drawings. 

In the following embodiments, a silver-ion-conducting 
secondary battery will be representatively set forth as an 
example of the secondary battery (all-solid secondary bat 
tery) in accordance with the invention. 

First Embodiment 

First, description will be made on a first embodiment of the 
secondary battery. 

FIG. 1 is a vertical section view showing a secondary 
battery in accordance with a first embodiment of the inven 
tion. FIG. 2A to FIG. 2D are respectively configuration 
examples of an electrode of the secondary battery. 

In the following description, the upper side in FIGS. 1 and 
2 will be referred to as “top” or “upper” and the lower side will 
be referred to as “bottom' or “lower, only for the sake of 
better understanding. Further, it is assumed that an electrolyte 
layer lies below each of the electrodes in FIG. 2A to FIG. 2D. 

Referring to FIG. 1, the secondary battery (secondary bat 
tery with a restrictor) 1 includes a laminated body (battery 
element) 2, a cathode lead 6, an anode lead 7 and a restrictor 
8 provided so as to cover substantially the entirety (entire 
circumference) of the laminated body 2, wherein the lami 
nated body 2 is provided with a cathode 3 and an anode 4 (i.e., 
a pair of electrodes) as well as an electrolyte layer 5 provided 
between the cathode 3 and the anode 4. 

First, description will be given on the cathode 3 and the 
anode 4. Seeing that the cathode 3 and the anode 4 have the 
same configuration in the present embodiment, the cathode 3 
will be described as a representative. 
As illustrated in FIG. 2A, the cathode 3 is comprised of a 

mesh member (base member) 31, which has a plurality of 
through-holes 311 which serve as filling portions, and an 
electrode material 32 filled in at least the through-holes 311 of 
the mesh member 31. When seen in a plan view, the mesh 
member 31 has a contour and size nearly equal to or Smaller 
than that of the electrolyte layer 5. 
The mesh member 31 is provided for realizing: i) a function 

of preventing or Suppressing expansion of the electrode (cath 
ode 3) in the plane direction thereof; and ii) a function of 
making the current density in the cathode 3 (electrode) uni 
form by providing conductivity to at least the surface of the 
mesh member 31. The mesh member 31 may be provided so 
as to play other functions. 
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In the case of the function i), the laminated body 2 is 
produced by performing a press operation in a state that the 
electrolyte particles 51 constituting the electrolyte layer 5 are 
interposed between the cathode 3 and the anode 4. This makes 
it possible to Suppress or prevent occurrence of elongation 
(deformation) in the cathode 3 (electrode) when producing 
the laminated body 2. 

This ensures that the electrolyte layer 5 provided between 
the cathode 3 and the anode 4 in a contacting relationship 
therewith can also be formed with no likelihood of deforma 
tion. It becomes also possible to increase the mechanical 
strength of the secondary battery 1 as a whole. 

Furthermore, in the case of the function i), it is possible for 
the mesh member 31 to restrict expansion of the electrode 
material 32 filled in the respective through-holes 311, which 
would otherwise occur by the expansion and contraction of 
crystals of the electrode material 32 when the secondary 
battery 1 is in use (charge-discharge operation). 

This makes it possible to reduce the expansion of the cath 
ode 3 (electrode) as a whole. Therefore, in the interface 
between the cathode 3 and the electrolyte layer 5, it is possible 
to Suitably Suppress or prevent an increase in contact resis 
tance which would be caused by disconnection (disjunction) 
of the cathode 3 and the electrolyte layer 5. 

In the case of the function ii), the current density in the 
cathode 3 (electrode) becomes uniform when the secondary 
battery 1 is charged and discharged. This Suppresses or pre 
vents emergence of a region where the electric current flows 
locally (e.g., the electric current flows preferentially around a 
portion of cathode 3 to which the cathode lead 6 is connected) 
and, consequently, local expansion or contraction of an elec 
trode active material in that region. 

In this regard, attention is drawn to the fact that the depo 
sition and dissolution phenomenon of, e.g., a metal (silver), is 
accompanied by a severe change in Volume. Therefore, it is 
possible to Suitably Suppress or prevent degradation of 
charge-discharge characteristics of the secondary battery 1. 

Furthermore, in the case of the function i), examples of a 
constituent material that can be used as the mesh member 31 
include: electron-conducting metallic materials such as cop 
per (Cu), nickel (Ni), titanium (Ti) and stainless steel (SUS); 
and insulating materials inclusive of a hard resin material 
Such as polycarbonate and ceramics such as alumina and 
glass. 

In the case of the function ii), examples of the mesh mem 
ber 31 include a member having conductivity at least on its 
Surface. Such as a member made of a conductive material in its 
entirety or a member having a core whose Surface is coated 
with a conductive layer. 

Examples of a method for forming the conductive layer 
include a gas phase coating method Such as vapor deposition 
or sputtering and a liquid phase coating method such as elec 
trolytic plating or non-electrolytic plating, one or more of 
which may be used independently or in combination. 

In this regard, it is to be noted that in order to endow the 
mesh member 31 with both of the function i) and the function 
ii), it is desirable to use a member made of a conductive 
material in its entirety (e.g., an expanded metal mesh). 
The occupation percentage of the through-holes 311 of the 

mesh member 31 in a plan view is preferably about 25 to 90% 
and more preferably about 50 to 85%, although it may slightly 
vary depending on the constituent material and intended use 
of the mesh member 31. 

Furthermore, the mesh member 31 has an average thick 
ness of preferably about 50 to 400 um and more preferably 
about 100 to 200 um, although the average thickness may be 
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12 
slightly changed depending on the constituent material and 
intended use of the mesh member 31. 

In the present embodiment, the electrode material 32 is 
applied to the mesh member 31 in such a manner that it can fill 
the through-holes 311 of the mesh member 31 and also can 
cover substantially the whole surface of the mesh member 31. 
As the electrode material32, an electrodeactive material or 

a mixture of an electrode active material and a solid electro 
lyte material (an electrode mixture material) may be used. 
By using the mixture of the electrode active material and 

the solid electrolyte material as the electrode material 32, it 
becomes possible to increase the ion-conducting bonding 
interface between particles of the electrode active material 
and the electrolyte particles which constitute the cathode 3 
(electrode), and also to increase the interface bonding force 
(adhesion) between the cathode 3 and the electrolyte layer 5. 

This ensures that ions are smoothly transferred between the 
electrodes and the electrolyte layer 5, which makes it possible 
to improve the characteristics (charge-discharge characteris 
tics) of the secondary battery 1. 

Examples of the electrode active material include 8-type 
silver Vanadate (ö-Ago...,VOs), metallic silver (Ag) and silver 
chromate (AgCrO), one or more of which may be used 
independently or in combination. Among them, it is desirable 
to use 6-type silver Vanadate (particularly, Ö-Ago...,VOs) as 
the electrode active material. 
Use of this compound makes it possible to improve the 

characteristics of the cathode 3 and the anode 4 and, eventu 
ally, to enhance the characteristics (charge-discharge charac 
teristics) of the secondary battery 1. Moreover, 8-type silver 
Vanadate is less environmentally detrimental, more stable in 
the air and easier to handle than silver chromate. 

In the case of using the mixture of the electrode active 
material and the solid electrolyte material, the solid electro 
lyte material may either be the same kind as (identical to) or 
differ from the constituent material of the electrolyte layer 5 
(electrolyte material) set forth below. 

However, it is preferred that the solid electrolyte material is 
the same kind as (especially, identical to) the constituent 
material of the electrolyte layer 5. This assures smooth trans 
fer of metalions (silver ions) between the cathode (electrode) 
and the electrolyte layer 5 and also helps to improve adhesion 
between them. 

In this case, the mixing ratio of the electrode active material 
(conductive material) and the solid electrolyte material is 
preferably about 2:8 to 9:1 by weight and more preferably 
about 4:6 to 8:2 by weight, although the mixing ratio is not 
particularly limited thereto. 
As the electrode material 32, it is desirable to use a granular 

(powdery) material having a particle size of 20 micronor less. 
Use of such a granular electrode material 32 makes it possible 
to fill the electrode material 32 in the through-holes 311 of the 
mesh member 31 in an easy and reliable manner. 

In a side view, the cathode 3 has a portion where the 
electrode material 32 does not overlap the mesh member 31 at 
the side of the electrolyte layer 5, namely an electrode mate 
rial layer extending from the mesh member 31 toward the 
electrolyte layer 5 (exposed to the electrolyte layer 5) and 
made of the electrode material 32 (solely constructed from 
the electrode material 32). 
The average thickness of the electrode material layer 

(length “T” in FIGS. 1 and 2) is preferably 120 um or less, 
more preferably 100 um or less, and even more preferably 80 
um or less. If the average thickness of the portion of the 
electrode material 32 that does not overlap the mesh member 
31 is set to fall within the above range, the effect of the mesh 
member 31 provided in the cathode 3 becomes conspicuous. 
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A lower limit of the average thickness is not particularly 
limited but may be preferably about 5um. 
Now, description will be made on other configuration 

examples of the cathode 3. 
The cathode 3 shown in FIG. 2B includes a base member 

having an outer frame (reinforcing portion) 312 that extends 
along an outer circumferential portion of the mesh member 
31 and serves to reinforce the mesh member 31. This makes it 
possible to reliably prevent deformation (expansion, bending, 
flexion or the like) of the mesh member 31. Accordingly, in 
the case where the functioni) is given to the base member, the 
function is performed in a more reliable manner. 
The cathode 3 shown in FIG. 2C includes a base member 

having a reinforcing plate 313 that is provided on the opposite 
side of the mesh member 31 from the electrolyte layer 5 and 
serves to reinforce the mesh member 31. 
The reinforcing plate 313 is fixed or attached at different 

points to the mesh member 31 by virtue of, e.g., spot welding, 
adhesive bonding or other methods. This configuration also 
provides the same effect as is offered by the base member 
shown in FIG. 2B. 
The cathode 3 shown in FIG. 2D includes a base member 

having an outer frame (reinforcing portion) 312 that extends 
along an outer circumferential portion of the mesh member 
31 and a reinforcing plate 313 that is provided on the opposite 
side of the mesh member 31 from the electrolyte layer 5. This 
configuration further improves the effect set forth above. 

With the configurations shown in FIGS. 2A and 2B, the 
base member is arranged substantially at the medial portion in 
the thickness direction of the cathode 3. Alternatively, the 
base member may be offset toward or away from the electro 
lyte layer 5 in the thickness direction of the cathode 3. 

Moreover, there is no problem as long as the electrode 
material 32 constituting the cathode 3 and the anode 4 is made 
of the material described above. The cathode 3 and the anode 
4 may be constructed from the same material or different 
materials. Furthermore, the configurations of the cathode 3 
and the anode 4, i.e., the kinds of the base members shown in 
FIGS. 2A to 2D, may be identical to or may differ from one 
another. 
The electrolyte layer 5 is provided between the cathode 3 

and the anode 4 to make contact with them. During the 
charge-discharge operations of the secondary battery 1, ions 
(metal ions) are moved through the electrolyte layer 5. 

In the invention, the electrolyte layer 5 is formed by com 
pression-molding electrolyte particles 51. The electrolyte 
particles 51 are preferably composed of a silver ion conductor 
or a mixture containing the silver ion conductor (an ion con 
ductor mixture). 

Examples of the silver ion conductor include AgI 
AgXO or AgI-AgXO (where the X represents W. Cr, 
Mo, P. V. Te, Se or As) and AgaRb1s, one or more of which 
may be used independently or in combination. Among them, 
it is preferred that iodinated silver tungstate (AgIWO) 
exhibiting good thermal stability is used as the silver ion 
conductor. 
Use of this compound makes it possible to improve the 

performance of the electrolyte layer 5 and, eventually, the 
characteristics (charge-discharge characteristics) of the sec 
ondary battery 1. Furthermore, iodinated silver tungstate is 
stable in the air and easy to handle. 
The average particle size of the electrolyte particles 51 is 

not particularly limited but may be preferably about 0.1 to 20 
um and more preferably about 1 to 5um. Use of the electro 
lyte particles 51 having such particle size makes it possible to 
improve the mutual contact of the electrolyte particles 51 in 
the electrolyte layer 5, and also to increase the bonding area 
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between the electrode active material (particles of the elec 
trode active material) and the electrolyte particles in the elec 
trodes. 

Consequently, it becomes possible to Sufficiently secure 
transfer paths of the silver ions (metal ions), thereby further 
improving the characteristics of the secondary battery 1. 

Moreover, the average thickness of the electrolyte layer 5 is 
preferably about 10 to 300 um and more preferably about 50 
to 200 um. 
The laminated body 2 is constructed from the electrolyte 

layer 5, the cathode 3 and the anode 4, the cathode and the 
anode 4 respectively bonded to the surfaces of the electrolyte 
layer 5. In this regard, it is to be noted that one or more layer 
of insulating mesh for reinforcement of the electrolyte layer 5 
may be provided within the electrolyte layer 5, within the 
cathode 3, within the anode 4, between the cathode and the 
electrolyte layer 5, between the anode 4 and the electrolyte 
layer 5, or the like. 

Furthermore, the cathode lead 6 and the anode lead 7 
exhibiting electrical conductivity are respectively connected 
to the cathode 3 and the anode 4 and serve as lead lines 
(conductive portions) through which electricity is charged to 
or discharged from the secondary battery 1. 

Almost all of the laminated body 2 excepting the cathode 
lead 6 and the anode lead 7 is covered with the restrictor 8, 
thus allowing the cathode lead 6 and the anode lead 7 to be 
exposed to the outside. 
The restrictor 8 serves mainly to restrict expansion of the 

cathode (electrode layer)3 in the plane direction thereof (in a 
direction generally perpendicular to the direction crossing the 
cathode 3 and the anode 4, i.e., a vertical direction in FIG. 1) 
and the resultant expansion of the electrolyte layer 5 in the 
plane direction thereof. 

In the secondary battery 1, the crystal structures of the 
electrode active material are three-dimensionally deformed 
(expanded or contracted) in response to the charge-discharge 
operations. 

In a hypothetical case that the secondary battery is not 
provided with the restrictor 8, the cathode 3 and the anode are 
heavily deformed (expanded or contracted) in the plane direc 
tion thereof but not in the thickness direction thereofas the 
crystal structures of the electrode active material are three 
dimensionally deformed or changed. 
As a result, especially in the peripheral portion of the 

cathode 3 and the anode 4, a bond inhibition phenomenon that 
breaks or disconnects the above-mentioned electronic bond 
or ion-conducting path is created. This makes it difficult for 
an electric current to flow through the peripheral portions of 
the cathode 3 and the anode 4 when charging or discharging 
the secondary battery. 

Further, at this time, the electrolyte layer 5 is also deformed 
(expanded or contracted) in the plane direction thereof due to 
the expansion or contraction of the cathode 3 and the anode 4 
in the plane direction thereof, thereby forming a portion that 
protrudes from the cathode 3 and the anode 4. As mentioned 
earlier, in the protruding portion the ion-conducting path is 
broken. 

This phenomenon proceeds gradually as the secondary 
battery is repeatedly charged and discharged. As a conse 
quence, the battery capacity of the secondary battery is gradu 
ally reduced, making it difficult to charge and discharge the 
secondary battery. 

In contrast, the secondary battery 1 of the invention is 
configured to have the restrictor 8that serves to restrict expan 
sion of the cathode (electrode layer) 3 in the plane direction 
thereof (the vertical direction in FIG. 1) and the resultant 
expansion of the electrolyte layer 5 in the plane direction 
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thereof. Thus, the secondary battery 1 can be kept in a shape 
as close to the initial shape as possible when manufacturing 
the secondary battery 1 and charging and discharging the 
SaC. 

That is to say, the afore-mentioned problem can be avoided 
by restricting expansion of the cathode (electrode layer)3 and 
the electrolyte layer 5 in the plane direction thereof. As a 
result, it becomes possible to avoid battery capacity reduction 
which would otherwise occur over the lapse of charge-dis 
charge cycles (by the multiple times of charge-discharge 
operations). 
The restrictor 8 is preferably made of an insulating mate 

rial. This helps to reliably prevent short-circuit between the 
cathode 3 and the anode 4. Alternatively, the restrictor 8 may 
be made of a conductive material (a metallic material or the 
like), in which case it is desirable to interpose an insulating 
layer (an insulating sheet) between the laminated body 2 and 
the restrictor 8. 

Examples of the insulating material include various kinds 
of resin materials such as thermoplastic resin, thermosetting 
resin and photocurable resin, various kinds of glass materials 
and various kinds of ceramics materials. 
Among these materials, it is desirable that the insulating 

material is mainly any one of thermoplastic resin, thermoset 
ting resin, photocurable resin and low-melting-point glass or 
a combination of two or more of them. Use of these materials 
allows the restrictor 8 to be formed with ease. Furthermore, 
use of these materials helps to increase the mechanical 
strength of the restrictor 8. 

Examples of the thermoplastic resin include polyolefin, 
ethylene-Vinyl acetate copolymer, polyamide, polyimide and 
hot-melt resin. Examples of the thermosetting resin include 
epoxy-based resin, polyurethane-based resin and phenol 
based resin. 

Further, examples of the photocurable resin include epoxy 
based resin, urethane acrylate-based resin and vinyl ether 
based resin. Examples of the low-melting-point glass include 
POs CuO-ZnO-based low-melting-point glass, POs - 
SnO-based low-melting-point glass and BO, ZnO 
BiO—Al-O-based low-melting-point glass. 
The average thickness of the restrictor 8 (particularly, the 

average thickness of a side surface thereof) is preferably 
about 50 to 5000 um and more preferably about 100 to 500 
um, although it may be slightly changed depending on the 
constituent material and intended use of the restrictor 8. By 
setting the average thickness within this range, it is possible to 
reliably prevent expansion of the cathode (electrode layer) 3 
and the electrolyte layer 5 in the plane direction thereof, 
thereby allowing the restrictor 8 to play its role in a reliable 
a. 

For example, the secondary battery 1 described above can 
be manufactured through the following steps. 

FIG. 3 is a flowchart illustrating a method for manufactur 
ing the secondary battery in accordance with the invention. 

Referring to FIG. 3, a method for manufacturing the sec 
ondary battery in accordance with the invention includes an 
electrode formation step 10 of forming electrodes within a 
mold, an electrolyte particle introduction step 20 of introduc 
ing the electrolyte particles 51 onto the cathode 3, a laminated 
body formation step 30 of forming the laminated body 2 by 
pressing the interior of the mold, and a restrictor formation 
step 40 of forming the restrictor 8 so as to cover all of the 
laminated body 2. 

Hereinafter, the respective steps will be described one by 
OC. 

<A> Electrode Formation Step (First Step) 10 
First, a female mold 500 having a cylindrical hole as shown 

in FIG. 14 is prepared. Subsequently, in the case of using the 
base member (mesh member 31) illustrated in FIGS. 2A and 
2B, the electrode material 32 is filled in the cylindrical hole of 
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the female mold 500 in a state that a lower male mold 400 has 
been inserted into the cylindrical hole. 

Then, an upper male mold 600 is inserted into the cylin 
drical hole to perform preliminary press-forming. After 
removal of the upper male mold 600, the base member is 
inserted into the cylindrical hole. Thereafter, the upper male 
mold 600 is inserted into the cylindrical hole again and the 
base member is pressed into the electrode material 32 to 
thereby form the cathode 3. 

Similarly, in the case of using one of the mesh members 31 
illustrated in FIGS. 2C and 2D, the electrode material 32 is 
filled in the cylindrical hole of the female mold 500 in a state 
that the lower male mold 400 has been inserted into the 
cylindrical hole. Then, the upper male mold 600 is inserted 
into the cylindrical hole to perform preliminary press-form 
1ng. 

In this process, the base member is inserted into the cylin 
drical hole in such a manner that the through-holes 311 of the 
base member are faced downwardly. Then, the electrode 
material 32 is press-filled in the through-holes 311 of the base 
member to thereby form the cathode 3 having a disc shape. 

In this regard, it is to be noted that the preliminary press 
forming process of the electrode material 32 may be omitted. 
Further, the molds are not limited to the metallic ones. It is 
needless to say that the molds may be made of, e.g., resin or 
ceramics. 

In this regard, the press-forming pressure is preferably at 
least 3 tons/cm and more preferably equal to or greater than 
5 tons/cm. This makes it possible to suitably compress the 
electrode material 32 and also to fill the electrode material 32 
in the through-holes 311 of the base member. 

Prior to forming the cathode 3, the anode 4 can beformed 
by performing the same step as the one described just above 
and taking out the anode 4 from the cylindrical hole. 
<B> Electrolyte Particle Introduction Step (Second Step) 

2O 
Next, the female mold 500 is turned over without having to 

remove the cathode 3 from the cylindrical hole. Thereafter, 
the lower male mold 400 is removed from the female mold 
500, and then the electrolyte particles (solid electrolyte par 
ticles) 51 are filled into the cylindrical hole so that the elec 
trolyte particles 51 are placed onto the cathode 3. Thereafter, 
the anode 4 produced beforehand is placed onto the electro 
lyte particles 51. If needed, a mold release agent may be 
applied to an inner surface of the cylindrical hole. 
<C> Laminated Body Formation Step (Third Step) 30 
Next, the lower male mold 400 that has been removed is set 

to the female mold 500 again and is pushed down so that the 
cathode 3 and the anode 4 (a pair of electrodes) can be pressed 
against and bonded to the electrolyte layer 5 within the female 
mold 500. This produces the laminated body 2 in which the 
electrolyte layer 5 is interposed between the cathode 3 and the 
anode 4 in a bulk state. 

In this regard, it is to be noted that in the case of using the 
mesh member 31 illustrated in FIGS. 2A and 2B, the electro 
lyte particle introduction step <B> and the laminated body 
formation step <C> may be carried out without turning over 
the female mold 500. 
The pressure applied at this time is preferably equal to or 

greater than 2 tons/cm, more preferably equal to or greater 
than 3 tons/cm, and even more preferably equal to or greater 
than 4 tons/cm. This ensures that the laminated body 2 is 
Sufficiently compressed. 
As a result, it is possible to avoid the above-mentioned 

formation of the gaps (spaces) between the electrolyte par 
ticles 51 or between the electrodes and the electrolyte layer 5 
and deposition of metallic silver contained in the electrode 
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active materials or electrolyte material into the gaps during 
the charge-discharge operations, that is, the above-mentioned 
formation of the grain boundaries composed of the metallic 
silver between the electrolyte particles 51 in the electrolyte 
layer 5 or between the electrodes and the electrolyte layer 5 
when the secondary battery 1 is in use. Thus, it is possible to 
improve the characteristics of the secondary battery 1 
obtained. 
Due to the fact that the cathode 3 and the anode 4 are 

provided with the base member, it becomes possible to surely 
prevent deformation of the cathode 3 and the anode 4, thereby 
avoiding deformation of the electrolyte layer 5 in a reliable 
a. 

<D> Restrictor Formation Step (Fourth Step) 40 
Next, the pressure applied in the laminated body formation 

step <C> is released and the thus formed laminated body 2 is 
removed or separated from the female mold 500, and then 
almost all of the laminated body 2 is covered with the restric 
tor 8. 

In the case where the restrictor 8 is made of, e.g., hot-melt 
resin (a hot-melt adhesive agent) or low-melting-point glass, 
it is possible to form the restrictor 8 by melting or softening 
the hot-melt resin or the low-melting-point glass, Supplying 
the same on the outer circumferential surface of the laminated 
body 2 and allowing the same to be cooled down and solidi 
fied. This method ensures that the restrictor 8 is reliably 
formed so as to cover almost all of the laminated body 2. 

Various kinds of methods can be used to supply the hot 
melt resin or the low-melting-point glass in a melt or softened 
state (liquid state) to the outer circumferential surface of the 
laminated body 2. 

Examples of these methods include: i) a method of dipping 
the laminated body 2 into the hot-melt resin or the low 
melting-point glass in a liquid state (a dipping method); ii) a 
method of coating the hot-melt resin or the low-melting-point 
glass in a liquid state on the outer circumferential Surface of 
the laminated body 2 (a coating method); and iii) a method of 
injecting liquid resin, by a vacuum encapsulation method (a 
degassing method), into a battery container 9 that accommo 
dates the laminated body 2 and remains closed by a lid 92 
having a resin injection port, the cathode lead 6 and the anode 
lead 7 extending through insulation tubes 93 secured to the lid 
92, and then solidifying the resin to seal off the resin injection 
port. 

In this regard, it is to be noted that the method iii) is 
illustrated in FIG. 4A to FIG. 4D and will be described later 
in detail. 

Further, in the case where the restrictor 8 is made of, e.g., 
thermosetting resin or photocurable resin, it is possible to 
form the restrictor 8 by Supplying an uncured resin material in 
a liquid state to the outer circumferential surface of the lami 
nated body 2 and solidifying the same through heating or light 
irradiation. Use of this method also makes it possible to 
reliably form the restrictor 8 so that it can cover substantially 
the entirety of the laminated body 2. 

Furthermore, by forming the restrictor 8 by means of the 
vacuum encapsulation method, it is possible to prevent or 
Suppress an air bubble (space) from generating within the 
restrictor 8. This makes it possible to improve the mechanical 
strength of the restrictor 8. As a result, it is possible to restrict 
the expansion of the electrolyte layer 5 and the electrodes 3 
and 4 in the plane direction thereof reliably. Therefore, a 
secondary battery which can prevent reduction of a battery 
capacity over the lapse of charge-discharge cycles reliably 
can be obtained. 
The above-noted methods for supplying the hot-melt resin 

or the low-melting-point glass in a liquid state can be equally 
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used in Supplying the uncured resin material to the outer 
circumferential surface of the laminated body 2. 

Preferably, the present step is started immediately after 
releasing the pressure at the end of the laminated body for 
mation step <C>. In other words, the restrictor 8 should 
preferably be formed before the laminated body 2 restores its 
original thickness after release of the pressure applied thereto. 
By doing so, the restrictor 8 can be formed so as to cover the 
entirety of the laminated body 2 in a state that the laminated 
body 2 is possibly kept in the pressed shape. 

This makes it possible to reliably manufacture the second 
ary battery 1 in which the overall shape of the laminated body 
2 is kept as close to the initial shape as possible. This Sup 
presses or prevents the formation of the grain boundaries 
composed of the metallic silver in the electrolyte layer 5 or 
between the electrodes and the electrolyte layer 5 during the 
charge-discharge operations. 
More specifically, when the average thickness of the lami 

nated body 2 immediately after press-forming and removing 
the same from the mold is defined as A (Lm) and the average 
thickness of the laminated body 2 immediately before the step 
of forming the restrictor 8 over the laminated body 2 is 
defined as B (um), the relationship A/B is preferably equal to 
or greater than 0.95 and more preferably about 0.97 to 0.99. 
This helps to provide the afore-mentioned effect in a more 
reliable manner. 

In this regard, it is to be noted that the restrictor 8 may be 
formed so as to cover the end portion of the laminated body 2 
in a state that the laminated body 2 is removed from the 
female mold 500 while maintaining the pressure applied to 
the laminated body 2 by the lower male mold 400 and the 
upper male mold 600, that is, before releasing the pressure at 
the end of the laminated body formation step <C>. In this 
modification, the female mold 500 is formed into a type that 
can be separated into two or more pieces for removal from the 
laminated body 2. 

In the case where the present step is started after release of 
the pressure applied to the laminated body 2, the time taken 
from the pressure release to initiation of the present step is 
preferably equal to or shorter than 300 minutes, more prefer 
ably equal to or shorter than 60 minutes, and even more 
preferably about 1 to 60 minutes, although it may somewhat 
vary with the kinds of the electrolyte materials used. 
By starting the present step within the time noted above, it 

becomes possible to Suppress or prevent thickness restoration 
of the laminated body 2 when the latter is released from the 
pressurized State. This makes it possible to Suitably suppress 
or prevent reduction in battery capacity. 
The secondary battery 1 can be manufactured through the 

steps described above. 
The restrictor 8 is not limited to the monolayer structure set 

forth above in respect of the present embodiment but may be 
of e.g., a laminated structure (multilayer structure) having 
two or more insulating layers made of the above-noted insu 
lating materials. The restrictor 8 of such a structure can be 
formed by performing the step <D> several times. 

Although the restrictor 8 employed in the present embodi 
ment is of the type covering almost all of the laminated body 
2, it is sufficient that the restrictor 8 is provided so as to 
partially cover four side surfaces (end portion) of the lami 
nated body 2. Use of the restrictor 8 of such a configuration 
also makes it possible to Sufficiently restrict expansion of the 
electrolyte layer 5 in the plane direction thereof. 

However, it should be understood that, in the case where 
the restrictor 8 is formed so as to cover almost all of the 
laminated body 2, the function of restricting expansion of the 
electrolyte layer 5 in the plane direction thereof is played 
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noticeably. By doing so, it is also possible to secure the 
mechanical strength of the secondary battery 1 as a whole and 
to allow the restrictor 8 to serve as a protection layer for the 
laminated body 2. 

Second Embodiment 

Next, description will be made on a secondary battery in 
accordance with a second embodiment of the invention. 

FIG. 4A to FIG. 4D are respectively vertical section views 
of configuration examples of a secondary battery in accor 
dance with the second embodiment of the invention. 

In the following description, the upper side in FIG. 4A to 
FIG. 4D will be referred to as “top” or “upper” and the lower 
side will be referred to as “bottom' or “lower, only for the 
sake of better understanding. 

Hereinafter, the second embodiment will be described with 
emphasis placed on the points differing from the first embodi 
ment. No description will be given on the same points as in the 
first embodiment. 

In the second embodiment, the secondary battery 1 men 
tioned in the first embodiment is received in a battery con 
tainer9 and secured in place by means of a fixing member 9a. 

In this regard, it is to be noted that FIGS. 4A to 4D show 
secondary batteries differing form one another in the configu 
rations of the cathode 3 and the anode 4, which correspond to 
FIGS. 2A to 2D, respectively. 
By accommodating the secondary battery 1 within the 

battery container 9, it is possible to reliably restrict expansion 
of the electrode layers (cathode 3 and anode 4) and the elec 
trolyte layer 5 in the plane direction thereof. In this sense, the 
battery container9 and the fixing member 9a may be consid 
ered to constitute parts of the restrictor 8. 

Such a battery configuration helps to prevent infiltration of 
external moisture into the secondary battery 1 and can be 
Suitably employed in constructing an all-solid secondary bat 
tery (particularly, a lithium-ion-conducting secondary battery 
set forth later). 
The battery container 9 includes a container body 91 of a 

bottom-closed hollow cylindrical shape and a lid 92 for clos 
ing a top opening of the container body 91. The cathode lead 
6 and the anode lead 7 are inserted through the lid 92 and fixed 
or attached to the lid 92 by way of insulation members (insu 
lation tubes) 93 so that they can be kept free from short 
circuit. 

Examples of a constituent material of the battery container 
9 (the container body 91 and the lid 92) include various kinds 
of metallic materials such as aluminum, copper, brass and 
stainless steel, various kinds of resin materials, various kinds 
of ceramics materials, various kinds of glass materials, and 
various kinds of composite materials consisting of metal and 
CS1. 

The secondary battery 1 with the battery container 9 noted 
above is manufactured by, e.g., filling curable resin of an 
uncured State such as thermosetting resin or photocurable 
resin in the container body 91, placing the secondary battery 
1 into the container body 91 and then curing the curable resin 
so that it can serve as the fixing member 9a. In place of the 
curable resin, the thermoplastic resin or the low-melting 
point glass mentioned earlier may be used as the fixing mem 
ber 9a. 

In this regard, in the case where the laminated body 2 
covered with the restrictor 8 has a shape corresponding to the 
internal dimension of the container body 91, the fixing mem 
ber 9a may be omitted. 

While the silver-ion-conducting secondary battery has 
been described in the above embodiments as an example of 

10 

15 

25 

30 

35 

40 

45 

50 

55 

60 

65 

20 
the secondary battery in accordance with the invention, the 
present secondary battery can be also applied to various kinds 
of ion-conducting secondary batteries, including a lithium 
ion-conducting secondary battery. 

In the case where the present secondary battery is applied 
to the lithium-ion-conducting secondary battery, it is possible 
to use the below-listed materials as an electrode active mate 
rial contained in the constituent material of the cathode 3 and 
the anode 4. 
More specifically, examples of the cathode active material 

include: transition metal oxide materials such as lithium 
cobaltate (Li CoO), lithium nickelate (LiNiO), lithium 
nickel cobaltate (LiCoo. NiO), lithium manganate 
(LiMnO), lithium titanate (Li TissO), lithium mangan 
ate compound (LiM,Mn2O, where the M is Cr, Co or Ni). 
lithium iron phosphate and olivine compound, which is one 
kind of lithium iron phosphate compound (Li-FePO and 
Li FeosMinos PO); Sulfide-based chalcogen compound 
such as TiSVS, FeS and M.MoSs (where the Mistransition 
metal such as Li, Ti, Cu, Sb, Sn, Pb and Ni); and lithium metal 
oxide containing metal oxide as its skeleton, such as TiO, 
CrOs. VO, MnO, and CoO, one or more of which may be 
used independently or in combination. 
On the other hand, examples of the anode active material 

include metallic materials, such as lithium, indium, alumi 
num, tin, bismuth and lead, and oxide of these metallic mate 
rials, one or more of which may be used independently or in 
combination or in the form of alloy. 
The cathode active material and the anode active material 

are not particularly limited to the ones noted above. There is 
no problem if a material exhibiting electropositive potential 
against the anode active material is selected as the cathode 
active material through the combination of the afore-men 
tioned materials. By adopting Such a configuration, it is pos 
sible to provide the secondary battery 1 having an arbitrary 
discharge Voltage. 

Furthermore, it is preferred that a lithium ion conductor or 
an electron-ion conducting material (e.g., the electrode active 
material) is independently used as the solid electrolyte mate 
rial mixed into the electrode material. 

Examples of the lithium ion conductor include: a sulfide 
based (amorphous) lithium ion conductor containing lithium 
sulfide (LiS), silicon sulfide (SiS) and lithium phosphate 
(LiPO); a sulfide-based (amorphous) lithium ion conductor 
containing phosphorus Sulfide (PSs) and lithium sulfide 
(LiS); and crystalline lithium ion conductors such as 
Lis.2.5Geo.2s Po.7s.S4. Liis AlosTi,(PO4). and 
Li GeoVO, one or more of which may be used inde 
pendently or in combination. 
Among them, it is preferred that the sulfide-based lithium 

ion conductors exhibiting good ion conductivity is used as the 
lithium ion conductor. By manufacturing the secondary bat 
tery 1 using the Sulfide-based lithium ion conductors as the 
solid electrolyte material, it is possible to improve the char 
acteristics of the secondary battery 1. 

Furthermore, it is preferred that the sulfide-based lithium 
ion conductors contain at least one of a crystalline lithium ion 
conductor and an amorphous lithium ion conductor. The crys 
talline lithium ion conductor is a material that endows the 
electrolyte with the most superior lithium ion conductivity 
and exhibits good moldability. Therefore, use of the crystal 
line lithium ion conductor in manufacturing the secondary 
battery 1 provides an advantage that the output current den 
sity can be kept high. 
On the other hand, the amorphous lithium ion conductor 

does not give anisotropic conductivity to the material made 
therefrom, exhibits high heat stability and has a softening 
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temperature. Therefore, use of the amorphous lithium ion 
conductor makes it possible to form the electrodes while 
heating the ion conductor up to its softening temperature. 
This helps to maintain the ion-conducting path to the elec 
trode active material in a good State. Consequently, the amor 
phous lithium ion conductor provides an advantage that the 
permissible temperature range can be kept broad when manu 
facturing and using the secondary battery 1. 

If the crystalline lithium ion conductor and the amorphous 
lithium ion conductor are used in combination, it becomes 
possible to enjoy all the advantages offered by them. 

While the secondary battery in accordance with the inven 
tion has been described with reference to the illustrated 
embodiments, the invention is not limited thereto. Individual 
parts constituting the secondary battery may be substituted by 
other arbitrary ones capable of performing similar functions. 
Moreover, arbitrary structural parts may be added if neces 
Sary. 

Furthermore, it may be possible in the invention that only 
one of the cathode and the anode has the configuration set 
forth above. Even if the base member (mesh member) is 
omitted from the cathode and the anode, it would be possible 
to attain the advantageous effects noted above, whether great 
Or not. 

EXAMPLES 

Now, description will be made on concrete experimental 
examples of the invention. 

Silver-Ion-Conducting Secondary Battery 

Example 1 

Sample No. 1A 

Invention 

Step I: First, an electrode mixture material (electrode mate 
rial) was prepared by mixing 8-Ago,VOs (cathode active 
material) particles having an average particle size of 5um and 
AgIWO (solid electrolyte) particles having an average par 
ticle size of 5 um in a ratio of 5:5 by weight. 

Step II: Next, the female mold 500 having a cylindrical 
hole of 1.2 cm in diameter as shown in FIG. 14 was prepared 
for use. In a state that the lower male mold 400 was inserted 
into the cylindrical hole of the female mold 500, 65mg of the 
electrode mixture material was filled in the cylindrical hole 
and a top surface of a layer formed of the electrode mixture 
material was leveled. Then, the upper male mold 600 was 
inserted into the cylindrical hole and preliminarily pressed at 
a pressure of 0.5 ton/cm. 

Thereafter, the upper male mold 600 was removed from the 
female mold 500. Further, the mesh member 31 was prepared 
by cutting an expanded copper mesh (having an average 
thickness of about 100 um and a through-hole occupation 
percentage of 80% in a plan view) into a disc-shape, as shown 
in FIG. 2A. The mesh member 31 was inserted into the 
cylindrical hole of the female mold 500. 

Step III: Next, the upper male mold 600 was inserted into 
the cylindrical hole again and pressed at a pressure of 1 
ton/cm to form a disc-shaped cathode. The thus obtained 
cathode had an average thickness of about 110 um. Thereaf 
ter, the upper male mold 600 was removed from the female 
mold 500. 

Step IV: Next, 100 mg of the AgIWO (solid electrolyte) 
particles were filled in the cylindrical hole without having to 
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remove the cathode, and then a top surface of a layer formed 
of the Age.I.WO particles was leveled. Then, an anode pro 
duced in advance in the same manner as the cathode was 
inserted into the cylindrical hole so as to be placed on the 
particles. 

Step V. Next, the upper male mold 600 was inserted into the 
cylindrical hole again and pressed at a pressure of 5 tons/cm 
to produce a laminated body (battery element) 2. The thus 
obtained laminated body 2 had an electrolyte layer 5 whose 
average thickness was about 150 um. 

Step VI: Next, the laminated body 2 was taken out from the 
female mold 500 and copper foil lead plates were attached to 
the cathode and the anode by spot welding, thereby forming a 
cathode lead and an anode lead. 

Step VII: Next, ethylene-vinyl acetate copolymer-based 
hot-melt resin having a melting temperature of about 100° C. 
was supplied in a molten state by a dipping method so that it 
could cover almost all of the laminated body 2. Thereafter, the 
hot-melt resin was cooled and solidified to form a restrictor 8 
compressing the laminated body 2. The thus formed restrictor 
8 had an average thickness of about 200 um. 

It took about 60 minutes to supply the hot-melt resin after 
removal of the laminated body 2 from the female mold 500. 
When the average thickness of the laminated body 2 imme 
diately after the step V was defined as A (um) and the average 
thickness of the laminated body 2 immediately before the 
present step VII was defined as B (um), the relationship A/B 
was equal to 0.97. 
The secondary battery 1 as shown in FIG. 1 was obtained 

through the steps set forth above. The charge-discharge 
behavior of the thus obtained secondary battery 1 was exam 
ined by a charge-discharge cycle test, the results (charge 
discharge characteristics) of which are shown in FIG. 5. 
The charge-discharge characteristics were measured by 

charging the battery up to 0.55 V at the constant current 
density of 100LLA/cm, stopping the charge operation at the 
moment when the electric current became equal to 20LA, and 
then discharging the battery at the constant current density of 
100LLA/cm. The secondary battery had a discharge capacity 
of about 25 mAh/gr. 

Further, the variation in discharge capacity over the lapse 
of charge-discharge cycles is illustrated in FIG. 6. Referring 
to FIG. 6, it can be seen that the discharge capacity was hardly 
reduced but slightly increased along with the lapse of charge 
discharge cycles. 

Sample No. 1B 

Comparative Example 

The laminated body (battery element) produced in the 
same manner as applied to the Sample No. 1A, i.e., the lami 
nated body obtained through the Steps I to V, was received in 
the coin battery container (CR1616-type) as shown in FIG. 16 
and a secondary battery (coin-type secondary battery) was 
manufactured by pressing the sealing plate. 
The discharge behavior of the thus obtained secondary 

battery was examined by a charge-discharge cycle test in the 
same manner as applied to the Sample No. 1A, the results 
(charge-discharge characteristics) of which are shown in FIG. 
7. Further, the variation in discharge capacity over the lapse of 
charge-discharge cycles is illustrated in FIG. 8. 
As a result, the discharge capacity relative to the initial 

charge was about 25 mAh/gr (about 80% of the charge capac 
ity). In the second charge operation, the secondary battery 
could be charged with the charge capacity of about 27 mAh/gr 
but the discharge capacity was reduced to about 21 mAh/gr. 
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The discharge capacity of the battery was decreased along 
with the lapse of charge-discharge cycles for a little while. 
After the lapse of about ten cycles, the discharge capacity was 
reduced to about 7 mAh/gr. Then, the discharge capacity was 
converged to a constant value. 
As is apparent from the results of the Example 1, in the case 

of the secondary battery of the Sample No. 1A in which the 
laminated body was covered with hot-melt resin, the battery 
capacity was scarcely reduced over the lapse of charge-dis 
charge cycles. 

In contrast, the secondary battery of the Sample No. 1B in 
which the laminated body was not covered with hot-melt 
resin (the laminated body was not compressed in its entirety) 
exhibits such charge-discharge characteristics that the dis 
charge capacity thereof was decreased along with the lapse of 
charge-discharge cycles and, eventually, reduced to one thirds 
or less after the lapse of about ten charge-discharge cycles. 

Example 2 

Next, examination was conducted to ascertain the influ 
ence on the charge-discharge characteristics exerted by a 
difference in the quantity of an electrode mixture material 
used in forming the electrodes. 

Sample No. 2A 

Invention 

A secondary battery was manufactured in the same manner 
as applied to the Sample No. 1A, except that the filling quan 
tity of the electrode mixture material was changed to 49 mg. 

Sample No. 2B 

Invention 

A secondary battery was manufactured in the same manner 
as applied to the Sample No. 1A, except that the filling quan 
tity of the electrode mixture material was changed to 62 mg. 

Sample No. 2C 

Invention 

A secondary battery was manufactured in the same manner 
as applied to the Sample No. 1A, except that the filling quan 
tity of the electrode mixture material was changed to 86 mg. 

Sample No. 2D 

Invention 

A secondary battery was manufactured in the same manner 
as applied to the Sample No. 1A, except that the filling quan 
tity of the electrode mixture material was changed to 110 mg. 

Sample No. 2E 

Invention 

A secondary battery was manufactured in the same manner 
as applied to the Sample No. 1A, except that the filling quan 
tity of the electrode mixture material was changed to 132 mg. 

The portion of each electrode that did not overlap the 
expanded copper mesh at the side of the electrolyte layer 5 
when seeing the cathode and the anode in a side view, i.e., the 
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electrode material layer where the electrode mixture material 
existed alone, had an average thickness (the length “T” in 
FIGS. 1 and 2) of about 40 um, about 80 um, about 120 um, 
about 160 Lum and about 200 um in the secondary batteries of 
the respective sample numbers: 
The charge-discharge behavior of the secondary batteries 

of the respective sample numbers was examined to ascertain 
the variation in battery capacity over the lapse of charge 
discharge cycles. The variation in discharge capacity over the 
lapse of charge-discharge cycles is shown in FIG. 9. In this 
regard, the discharge capacity is shown under the assumption 
that the initial capacity was equal to 100%. In FIG.9, symbols 
“O'”, “D”, “A”, “G” and “ ()” represent the examination 
results of Sample Nos. 2A, 2B, 2C, 2D and 2E, respectively. 
As can be seen in FIG. 9, if the portion of each electrode 

where the electrode mixture material existed alone had an 
average thickness of about 160 um or more, the discharge 
capacity was reduced to 45% or less at around ten charge 
discharge cycles. If the average thickness was about 120 um, 
the discharge capacity was maintained to 75% or more at 
around ten charge-discharge cycles. If the average thickness 
was equal to or Smaller than 80 um, degradation in discharge 
capacity over the lapse of charge-discharge cycles was notice 
ably stopped. 

Example 3 

Next, examination was conducted to ascertain the influ 
ence on the charge-discharge characteristics exerted by a 
difference in the thickness of an expanded copper mesh. 

Secondary batteries were manufactured in the same man 
ner as applied to the Example 2, except the use of an expanded 
copper mesh having an average thickness of 180 Lum. 

Cathodes and anodes were produced by filling an electrode 
mixture material in the filling quantities of 50 mg, 74 mg, 97 
mg, 121 mg and 144 mg. As was the same with the case to the 
Example 2, the portion of each electrode that did not overlap 
the expanded copper mesh at the side of the electrolyte layer, 
i.e., the portion where the electrode mixture material existed 
alone, had an average thickness of about 40 um, about 80 um, 
about 120 um, about 160 um and about 200 um in the respec 
tive secondary batteries. 
The charge-discharge behavior of the resultant secondary 

batteries was examined by a charge-discharge cycle test in the 
same manner as applied to the Sample No. 1A. The results 
showed that the secondary batteries had almost the same 
charge-discharge behavior as that of the secondary batteries 
of the Example 2. 

In other words, if the portion of each electrode where the 
electrode mixture material existed alone had an average 
thickness of about 160 um or more when using the expanded 
copper mesh of 180 um in average thickness, the discharge 
capacity was reduced to about one thirds of the initial capacity 
at around ten charge-discharge cycles. If the average thick 
ness was equal to or Smaller than 160 um, degradation in 
discharge capacity over the lapse of charge-discharge cycles 
was noticeably stopped. 

Accordingly, as is apparent from the examination results of 
the Examples 2 and 3, the reduction in battery discharge 
capacity over the lapse of charge-discharge cycles could be 
Surely prevented by constructing the electrodes (cathode and 
anode) in Such a manner that the portion of each electrode that 
did not overlap the expanded copper mesh in a side view, i.e., 
the portion where the electrode mixture material existed 
alone, had an average thickness of about 120 um or less. 
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Example 4 

Next, examination was conducted to ascertain the influ 
ence on the charge-discharge characteristics exerted by a 
difference in the shape of an expanded copper mesh. 
A secondary battery was manufactured in the same manner 

as applied to the Sample No. 1A, except the use of a female 
mold 500 having a cylindrical hole of 1 cm in diameter and the 
use of an expanded copper mesh having an average thickness 
of about 180 um and a shape shown in FIG. 2B. In the thus 
obtained secondary battery, the cathode and the anode had an 
average thickness of about 210 Lum. 
The charge-discharge behavior of the resultant secondary 

battery over the lapse of charge-discharge cycles was exam 
ined in the same manner as applied to the Sample No. 1A. The 
results showed that the secondary battery had almost the same 
charge-discharge behavior as that of the Sample No. 1A. 

Example 5 

Examination was further conducted to ascertain the influ 
ence on the charge-discharge characteristics exerted by a 
difference in the shape of an expanded copper mesh. 
A secondary battery was manufactured in the same manner 

as applied to the Example 4, except the use of an expanded 
copper mesh having a shape shown in FIG. 2C. 
The charge-discharge behavior of the resultant secondary 

battery over the lapse of charge-discharge cycles was exam 
ined in the same manner as applied to the Sample No. 1A. The 
results showed that the secondary battery had almost the same 
charge-discharge behavior as that of the Sample No. 1A. 

Example 6 

Examination was further conducted to ascertain the influ 
ence on the charge-discharge characteristics exerted by a 
difference in the shape of an expanded copper mesh. 
A secondary battery was manufactured in the same manner 

as applied to the Example 4, except the use of an expanded 
copper mesh having a shape shown in FIG. 2D. 
The charge-discharge behavior of the resultant secondary 

battery over the lapse of charge-discharge cycles was exam 
ined in the same manner as applied to the Sample No. 1A. The 
results showed that the secondary battery had almost the same 
charge-discharge behavior as that of the Sample No. 1A. 

Example 7 

Next, examination was conducted to ascertain the influ 
ence on the charge-discharge characteristics exerted by a 
difference in the kind of an insulating material used as the 
restrictor 8. 

Secondary batteries were manufactured in the same man 
ner as applied to the Examples 1 to 6, except that the restric 
tors 8 of the respective batteries were formed by using epoxy 
based thermosetting resin, urethane acrylate-based 
thermosetting resin and POs CuO ZnO-based low-melt 
ing-point glass, instead of the ethylene-vinyl acetate copoly 
mer-based hot-melt resin. 
The restrictors 8 made of epoxy-based thermosetting resin, 

urethane acrylate-based thermosetting resin and POs - 
CuO ZnO-based low-melting-point glass had an average 
thickness of about 110 um, 150 um and 130 um, respectively. 

The charge-discharge behavior of the resultant secondary 
batteries over the lapse of charge-discharge cycles was exam 
ined in the same manner as applied to the Sample No. 1A. The 
results showed that the respective secondary batteries had 
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almost the same charge-discharge behavior as that of the 
corresponding secondary batteries of the Examples 1 to 6. 

Lithium-Ion-Conducting Secondary Battery 
In the following Examples, unless otherwise mentioned, 

secondary batteries were manufactured within a glove box 
kept in a dry argon atmosphere. 

Example 8 

Sample No. 8A 

Invention 

Step i): First, an electrode (cathode) mixture material was 
prepared by mixing lithium cobaltate (cathode active mate 
rial) particles having an average particle size of 5 um and 
lithium-ion-conducting glass (Solid electrolyte) particles hav 
ing an average particle size of 5um in a ratio of 7:3 by weight. 

In this regard, Sulfide-based lithium-ion-conducting glass 
composed of lithium sulfide (LiS), silicon sulfide (SiS) and 
lithium phosphate (LiPO) in a composition ratio of 0.63 
LiS-0.36 SiS-0.01 LiPO was used as the lithium-ion-con 
ducting glass. 

Step ii): Next, the electrode mixture material was placed on 
a release paper and leveled to have an average thickness of 
about 180 Lum. An expanded copper mesh (having an average 
thickness of about 100 um and a through-hole occupation 
percentage of 80% in a plan view) plated with nickel and 
formed into the shape as shown in FIG. 2B was disposed on 
the electrode mixture material. 
The combination of electrode mixture material and 

expanded copper mesh was inserted between press-rolling 
rollers together with the release paper, whereby the electrode 
mixture material was filled in the through-holes of the 
expanded copper mesh to produce a cathode sheet. 
The resultant cathode sheet had an average thickness of 

about 115 lum. This cathode sheet was cut into a size of 14 
mmx14 mm and used as a cathode 3. The quantity of the 
electrode mixture material filled in the resultant cathode was 
130 mg and the portion of the cathode that does not overlap 
the expanded copper mesh in a side view had an average 
thickness of about 20 um. 

Step iii): Next, an indium (anode active material) foil hav 
ing an average thickness of 80 um was arranged on an 
expanded copper mesh having the shape as shown in FIG. 2A. 
Just like the method of producing the cathode sheet, an anode 
sheet having an average thickness of 100 um was produced 
through the use of press-rolling rollers. This anode sheet was 
cut into a size of 14 mmx14 mm and used as an anode. 

Step iv): Next, a female mold having a rectangular hole of 
15mmx15 mm in size was prepared for use. In a state that a 
lower male mold is fitted to the rectangular hole of the female 
mold, the cathode was inserted into the rectangular hole. 
Then, about 110 mg of the lithium-ion-conducting glass 
(solid electrolyte) particles noted above was filled in the rect 
angularhole and a top surface of a layer formed of the lithium 
ion-conducting glass particles was leveled. 

Step V): Next, an upper male mold was inserted into the 
rectangularhole and press-formed at a pressure of 4 tons/cm 
to join the cathode and the electrolyte layer together. There 
after, the upper male mold was removed from the female 
mold. 

Step vi): Next, the anode was inserted into the rectangular 
hole and overlaid on the electrolyte layer. Then, the upper 
male mold was inserted into the rectangular hole again and 
pressed at a pressure of 0.2 ton/cm to join the cathode, the 
electrolyte layer and the anode together to thereby form a 



US 9,257,718 B2 
27 

laminated body (battery element) 2. The electrolyte layer 5 of 
the thus obtained laminated body 2 had an average thickness 
of about 150 lum. 

Step vii): Next, the laminated body was taken out from the 
female mold and copper foil lead plates were attached to the 
cathode and the anode by spot welding, thereby forming a 
cathode lead and an anode lead. 

Step viii): Next, almost all of the laminated body was 
covered with ethylene-vinyl acetate copolymer-based hot 
melt resin in the same manner as applied to the Sample No. 
1A. Then, the thus covered laminated body was inserted into 
an aluminum-made rectangular battery container (having an 
external dimension of 20 mmx20mmx7 mm and an internal 
dimension of 18 mmx 18 mmx5 mm) filled with thermoset 
ting epoxy resin in an uncured State. 

Thereafter, the thermosetting epoxy resin filled in the bat 
tery container was heated and cured. Lead plates were then 
bonded to hermetic insulation terminals which were attached 
to an aluminum-made lid. The lid was fixed to the battery 
container by aluminum Soldering to obtain the secondary 
battery as shown in FIG. 4. 

In the present Example, it can be seen that the restrictor 8 
consisted of three layers, i.e., a hot-melt resin layer, an epoxy 
resin layer and an aluminum layer. Further, the thus formed 
restrictor 8 had an average thickness of about 2.5 mm. 

In order to examine the charge-discharge behavior of the 
resultant secondary battery by a charge-discharge cycle test, 
the battery was charged at the constant current density of 100 
LA/cm and the charge operation was stopped at the moment 
when the battery voltage reached 4.0 V and the electric cur 
rent became equal to 30LA. Then, the battery was discharged 
at the constant current density of 100 LA/cm. 
The initial charge-discharge behavior of the battery is illus 

trated in FIG. 10 and the variation in discharge capacity over 
the lapse of charge-discharge cycles is shown as a curve (L) in 
FIG 11. 
As can be seen in FIGS. 10 and 11, the secondary battery 

provided a generally flat discharge curve when the discharge 
voltage was in the range of 3.0 to 3.5 V and the discharge 
capacity was hardly changed even after the lapse of one 
hundred charge-discharge cycles. 

Sample No. 8B 

Comparative Example 

First, a cathode sheet and an anode sheet were produced in 
the same manner as applied to the Sample No. 8A. Using a 
blanking die, the cathode sheet and the anode sheet were 
formed into a cathode and an anode. Both of the cathode and 
the anode had a diameter of 14 mm and were of a disc shape. 

Next, using a mold with a cylindrical hole of 15 mm in 
diameter, a laminated body (battery element) was produced in 
the same manner as applied to the Sample No. 8A. 

Next, the laminated body was taken out from the mold and 
received in the coin battery container (CR1616-type) as 
shown in FIG. 16. A coin-type secondary battery was manu 
factured by pressing a sealing plate against the battery con 
tainer. 

The thus obtained secondary battery was subjected to a 
charge-discharge cycle test in the same manner as applied to 
the Sample No. 8A. The results of the charge-discharge cycle 
test are illustrated as a curve (M) in FIG. 11. 

Referring to the curve (M) illustrated in FIG. 11, the dis 
charge capacity relative to the initial charge capacity was 
about 110 mAh/gr. The discharge capacity was reduced, step 
by step, to about 100 mAh/grat the second charge-discharge 
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cycle, to about 80 mAh/grat the third charge-discharge cycle 
and, finally, to about 40 mAh/grat the sixth charge-discharge 
cycle. Thereafter, the discharge capacity was kept nearly 
unchanged. 
AS was apparent from the foregoing, the secondary battery 

of the Sample No. 8A (Invention) could suppress or prevent 
reduction in discharge capacity over the lapse of charge 
discharge cycles, which is one of the advantageous effects 
provided by the battery structure of the invention. 

Example 9 

Next, examination was conducted to ascertain the influ 
ence on the charge-discharge characteristics exerted by a 
difference in the kind of an anode active material. 

First, a cathode and an electrolyte layer were joined 
together in the same manner as applied to the Sample No. 8A. 
Then, aluminum particles (having an average particle size of 
10 um) was mixed with the same electrolyte particles as used 
in the Sample No. 8A in a ratio of 5:5 by weight and a binder 
was added to the mixture in a percentage of 2.5% by weight, 
thereby preparing an anode mixture material. 

Next, the anode mixture material was placed on a release 
paper and leveled. An expanded copper mesh having the 
shape as shown in FIG. 2A was overlaid on the anode mixture 
material and an anode sheet (having an average thickness of 
100 um) was produced by use of the same press-rolling rollers 
as used in producing the cathode sheet. The anode sheet was 
cut into a size of 14 mmx14 mm to thereby form an anode. 

Next, using the thus obtained anode, a laminated body was 
produced in the same manner as applied to the Sample No. 
8A. A secondary battery was manufactured by using the lami 
nated body. The pressure used in forming the laminated body 
was 4 tons/cm. 

In order to examine the charge-discharge behavior of the 
resultant secondary battery by a charge-discharge cycle test, 
the battery was charged at the constant current density of 100 
LA/cm. The charge operation was stopped at the moment 
when the battery voltage reached 4.0 V and the electric cur 
rent became equal to 50LA. Then, the battery was discharged 
at the constant current density of 100LLA/cm. 
The results showed that the initial charge-discharge behav 

ior of the battery was not almost changed from that of the 
Sample No. 8A. As illustrated in FIG. 12, however, the battery 
discharge voltage changed with a curve about 150 mV higher 
than the discharge Voltage curve obtained in respect of the 
Sample No. 8A. 
As could be appreciated from the foregoing, the shape of 

the anode was changed substantially uniformly even if differ 
ent kinds of anode active materials were used, i.e., even when 
different kinds of alloy were generated in the anode. 

Example 10 

Next, examination was conducted to ascertain the influ 
ence on the charge-discharge characteristics exerted by a 
difference in the kind of a cathode active material. 
A secondary battery was manufactured in the same manner 

as applied to the Sample No. 8A, except that, in place of 
lithium cobaltate, lithium manganate (LiMn2O) was used as 
the cathode active material. The filling quantity of an elec 
trode mixture material was about 120 mg. 

In order to examine the charge-discharge behavior of the 
resultant secondary battery by a charge-discharge cycle test, 
the battery was charged at the constant current density of 100 
LA/cm. The charge operation was stopped at the moment 
when the battery voltage reached 4.0 V and the electric cur 
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rent became equal to 50LA. Then, the battery was discharged 
at the constant current density of 100 LA/cm. 
As illustrated in FIG. 13, the battery discharge voltage 

changed with a curve about 100 mV lower than the discharge 
voltage curve obtained in respect of the Sample No. 8A and 
the discharge capacity was a low value of about 50 mAh/gr. 
However, the initial charge-discharge behavior of the battery 
was not almost changed from that of the Sample No. 8A. 

Example 11 

Next, examination was conducted to ascertain the influ 
ence on the charge-discharge characteristics exerted by a 
difference in the kind of a solid electrolyte. 
A secondary battery was manufactured in the same manner 

as applied to the Sample No. 8A, except that thio-LISICON 
(LissGeos Pozs Sa), one of crystalline lithium ion conduc 
tors, was used as the solid electrolyte in place of the sulfide 
based lithium-ion-conducting glass and further except that an 
indium foil having an average thickness of 100 um was used 
as the anode. 

In order to examine the charge-discharge behavior of the 
resultant secondary battery by a charge-discharge cycle test, 
the battery was charged at the constant current density of 100 
LA/cm. The charge operation was stopped at the moment 
when the battery voltage reached 4.0 V and the electric cur 
rent became equal to 10 LA. Then, the battery was discharged 
at the constant current density of 100 LA/cm. 
The results showed that the initial charge-discharge behav 

ior of the battery was not almost changed from that of the 
Sample No. 8A and no reduction was observed in the dis 
charge capacity over the lapse of charge-discharge cycles. 
This means that the secondary battery provides the advanta 
geous effects of the invention. 

Example 12 

Examination was further conducted to ascertain the influ 
ence on the charge-discharge characteristics exerted by a 
difference in the kind of a solid electrolyte. 
A secondary battery was manufactured in the same manner 

as applied to the Sample No. 8A, except that amorphous 
sulfide-based lithium ion conductor (solid electrolyte) par 
ticles made of 0.3 PS-0.7 LiS were used as the solid elec 
trolyte in place of the Sulfide-based lithium-ion-conducting 
glass. 
The charge-discharge behavior of the resultant secondary 

battery over the lapse of charge-discharge cycles was exam 
ined in the same manner as applied to the Sample No. 8A. The 
results showed that the secondary battery had substantially 
the same charge-discharge behavior as that of the Sample No. 
8A. 

Example 13 

Next, examination was conducted to ascertain the influ 
ence on the charge-discharge characteristics exerted by a 
difference in the shape of an expanded copper mesh. 
A secondary battery was manufactured in the same manner 

as applied to the Sample No. 8A, except that an expanded 
copper mesh having the shape as shown in FIG. 2C was used 
in forming a cathode in Step ii) of the Sample No. 8A. 
The charge-discharge behavior of the resultant secondary 

battery over the lapse of charge-discharge cycles was exam 
ined in the same manner as applied to the Sample No. 8A. The 
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results showed that the secondary battery had substantially 
the same charge-discharge behavior as that of the Sample No. 
8A. 

Example 14 

Examination was further conducted to ascertain the influ 
ence on the charge-discharge characteristics exerted by a 
difference in the shape of an expanded copper mesh. 
A secondary battery was manufactured in the same manner 

as applied to the Sample No. 8A, except that an expanded 
copper mesh having the shape as shown in FIG. 2D was used 
in forming a cathode in Step ii) of the Sample No. 8A. 
The charge-discharge behavior of the resultant secondary 

battery over the lapse of charge-discharge cycles was exam 
ined in the same manner as applied to the Sample No. 8A. The 
results showed that the secondary battery had substantially 
the same charge-discharge behavior as that of the Sample No. 
8A. 

Example 15 

Next, examination was conducted to ascertain the influ 
ence on the charge-discharge characteristics exerted by a 
difference in the kind of an insulating material used in form 
ing the restrictor 8. 

Secondary batteries were manufactured in the same man 
ner as applied to the Examples 8 to 14, except that the lami 
nated body was covered with phenol-based thermosetting 
resin, urethane acrylate-based photocurable resin or POs - 
CuO ZnO-based low-melting-point glass, instead of the 
ethylene-vinyl acetate copolymer-based hot-melt resin. 
The charge-discharge behavior of the resultant secondary 

battery over the lapse of charge-discharge cycles was exam 
ined in the same manner as applied to the Sample No. 8A. The 
results showed that the respective secondary batteries had the 
same charge-discharge behavior as that of the corresponding 
batteries of the Examples 8 to 14. 

Further, in the same manner as applied to the Sample Nos. 
1A and 8A, an attempt was made to manufacture a secondary 
battery by using a sintered body as the solid electrolyte. 
Another attempt was made to produce a secondary battery by 
using pulverized particles of the sintered body as the solid 
electrolyte. Due to the fact that the sintered body was stiffand 
brittle and exhibited poor moldability, it was impossible to 
manufacture a secondary battery from the sintered body. 
Thus, the results offered by the Sample Nos. 1A and 8A were 
not attainable in these attempts. 
As described hereinabove, with the secondary battery (all 

solid secondary battery) of the invention, use of the restrictor 
makes it possible to restrict expansion of the cathode 3 and the 
anode 4 in the plane direction thereofand the resultant expan 
sion of the electrolyte layer 5 in the plane direction thereof. 
As a result, for example, it is possible to prevent the break 

age of the electronic bond between particles (or grains) of the 
electrode active material or the disconnection of the ion 
conducting path between the electrode active material and the 
electrolyte in the electrodes (the cathode 3 and the anode 4). 

Further, it is also possible to prevent the disconnection 
(disjunction) of the ion-conducting path between the elec 
trodes and the electrolyte layer 5 or between the electrolyte 
particles 51 in the electrolyte layer 5. This helps to prevent the 
discharge capacity from being reduced over the lapse of 
charge-discharge cycles. 

Furthermore, in the respective Examples set forth above, 
use of the expanded mesh (conductive member) arranged 
within each electrode makes it possible to prevent or Suppress 
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expansion of the electrodes and also to keep the current den 
sity within the electrodes uniform (to reduce uneven distri 
bution of the electric current). It is supposed that this 
improves the characteristics of the secondary battery to a 
great extent. 
As can be noted from the results of the Examples 2 and 3, 

even if the expanded mesh is not arranged within each elec 
trode, according to the invention, it is possible to obtain a 
secondary battery having improved characteristics by form 
ing an electrode material layer of 120 um or less (preferably, 
80 um or less) in average thickness on the Surface of a con 
ductive plate and using the same as an electrode. 
As set forth above, the invention clarifies the cause of 

interim reduction in discharge capacity over the lapse of 
charge-discharge cycles that does matter in the conventional 
secondary battery (all-solid secondary battery) using electro 
lyte particles. By proposing a configuration (battery configu 
ration) that can eliminate the cause of capacity reduction, the 
invention is capable of preventing reduction in battery dis 
charge capacity over the lapse of charge-discharge cycles. 

Thus, the invention provides a technology that assists in 
improving safety and reliability of a secondary battery, the 
advent of which has been requested in the general market. 
What is claimed is: 
1. A secondary battery, comprising: 
a laminated body having a pair of electrodes and an elec 

trolyte layer provided between the pair of electrodes, the 
electrolyte layer including electrolyte particles, the 
laminated body having an end portion; and 

a restrictor provided so as to cover at least the end portion 
of the laminated body for restricting expansion of the 
electrolyte layer in the plane direction thereof, 

wherein the restrictor is comprised of a plurality of layers 
respectively formed of different materials. 

2. The secondary battery as claimed in claim 1, wherein the 
laminated body has conductive portions respectively con 
nected to the respective electrodes, and the restrictor is pro 
vided so as to cover almost all of the laminated body except 
ing the conductive portions. 

3. The secondary battery as claimed in claim 1, wherein the 
plurality of layers of the restrictor are made of an insulating 
material. 

4. The secondary battery as claimed in claim3, wherein the 
insulating material is one of thermoplastic resin, thermoset 
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ting resin, photocurable resin and low-melting-point glass or 
a combination of two or more of them. 

5. The secondary battery as claimed in claim 1, wherein at 
least one of the pair of electrodes has a base member having 
a plurality of filling portions, and at least the filling portions of 
the base member is filled with an electrode material. 

6. The secondary battery as claimed in claim 5, wherein the 
base member is provided for preventing or Suppressing 
expansion of the electrode in the plane direction thereof. 

7. The secondary battery as claimed in claim 5, wherein the 
base member has a Surface thereof, and at least the Surface has 
conductivity for making the current density in the electrode 
uniform. 

8. The secondary battery as claimed in claim 5, wherein the 
base member includes a mesh member having through-holes 
which serve as the filling portions. 

9. The secondary battery as claimed in claim8, wherein the 
mesh member has an outer circumferential portion, and the 
base member further includes a reinforcing portion which 
extends along the outer circumferential portion of the mesh 
member for reinforcing the mesh member. 

10. The secondary battery as claimed in claim 8, wherein 
the base member further includes a reinforcing plate which is 
provided on the opposite side of the mesh member from the 
electrolyte layer for reinforcing the mesh member. 

11. The secondary battery as claimed in claim 5, wherein 
the at least one of the pair of electrodes has an electrode 
material layer made of the electrode material, and the elec 
trode material layer lies on the side of the electrolyte layer so 
as to have an average thickness of 120 um or less when viewed 
from the side thereof. 

12. The secondary battery as claimed in claim 5, wherein 
the electrode material contains an electrode active material 
and a solid electrolyte material. 

13. The secondary battery as claimed in claim 1, wherein 
the electrolyte particles are composed of a silver ion conduc 
tor or a lithium ion conductor. 

14. The secondary battery as claimed in claim 13, wherein 
the lithium ion conductor is a sulfide-based lithium ion con 
ductor. 

15. The secondary battery as claimed in claim 13, wherein 
the lithium ion conductor contains at least one of a crystalline 
lithium ion conductor and an amorphous lithium ion conduc 
tOr. 


